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PDR-type ABC transporter mediates cellular uptake of the
phytohormone abscisic acid
Abstract
Abscisic acid (ABA) is a ubiquitous phytohormone involved in many developmental processes and
stress responses of plants. ABA moves within the plant, and intracellular receptors for ABA have been
recently identified; however, no ABA transporter has been described to date. Here, we report the
identification of the ATP-binding cassette (ABC) transporter Arabidopsis thaliana Pleiotropic drug
resistance transporter PDR12 (AtPDR12)/ABCG40 as a plasma membrane ABA uptake transporter.
Uptake of ABA into yeast and BY2 cells expressing AtABCG40 was increased, whereas ABA uptake
into protoplasts of atabcg40 plants was decreased compared with control cells. In response to exogenous
ABA, the up-regulation of ABA responsive genes was strongly delayed in atabcg40 plants, indicating
that ABCG40 is necessary for timely responses to ABA. Stomata of loss-of-function atabcg40 mutants
closed more slowly in response to ABA, resulting in reduced drought tolerance. Our results integrate
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Abscisic acid (ABA) is a ubiquitous phytohormone involved in many 
developmental processes and stress responses of plants. While ABA moves 
within the plant, and intracellular receptors for ABA have been identified 
recently, no ABA transporter has been described to date. Here, we report 
identification of the ABC transporter AtPDR12/ABCG40 as a plasma membrane 
ABA uptake transporter. Uptake of ABA into yeast and BY2 cells expressing 
AtABCG40 was increased, while ABA uptake into protoplasts of atabcg40 
plants was decreased, as compared to control cells. In response to exogenous 
ABA, the up-regulation of ABA responsive genes was strongly delayed in 
atabcg40 plants, indicating that ABCG40 is necessary for timely responses to 
ABA. Stomata of loss-of-function atabcg40 mutants closed more slowly in 
response to ABA, resulting in reduced drought tolerance. Our results integrate 
ABA-dependent signaling and transport processes and open a new avenue for 
the engineering of drought tolerant plants.  
 
\body 
In both animals and plants, hormones play essential roles in the regulation of growth, 
development, and environmental responses, and are circulated throughout the 
organism in part via the extracellular fluid. Two plant hormones known to be 
transported over long distances, auxin and abscisic acid (ABA), are weak acids and 
thus exist in either protonated, uncharged forms (e.g. ABAH) or in anionic forms (e.g. 
ABA-) depending on the prevailing pH relative to their pKa. Because the uncharged 
forms of these molecules can permeate the cell membrane, it was historically 
assumed that this diffusive process would obviate a requirement for specific uptake 
transporters for these hormones (1). However, recent progress in the fields of auxin 
transport and signaling has established that auxin is in fact transported into plant 
cells by multiple influx carriers which are intricately regulated. Auxin carriers, 
including AUX1, LAX3, and several ABC transporters (2), have been shown to be 
integral to auxin regulation of both developmental processes such as lateral root 
emergence and environmental responses such as gravitropism (3, 4). However, 
comparable progress has not been made in the field of ABA transport, despite the 
3 
 
fact that analyses of the kinetics of ABA uptake suggest that such uptake does not 
occur solely via a diffusive process (5-8).  
ABA regulates seed germination and seedling growth, and is required for plant 
resistance to drought and other abiotic and biotic stresses such as salinity and 
pathogen infection. During drought, ABA levels increase dramatically in plants (9). 
ABA is perceived by guard cells, which respond so as to minimize loss of water via 
transpiration. Each pair of guard cells in the epidermis delineates a stomatal pore 
through which both carbon dioxide uptake and transpirational water loss occur (10, 
11). Stomata generally open in response to light, low CO2 concentrations, and high 
atmospheric humidity and close in response to darkness, high CO2 concentrations, 
low humidity and stress-induced ABA. Although secondary messengers and effectors 
of the ABA signal in guard cells have been studied extensively (11), the initial steps 
of ABA perception within plant cells are just beginning to be understood.  
Recently, soluble intracellular receptors for ABA (12, 13) have been identified. 
The intracellular localization of these ABA sensors highlights the importance of ABA 
uptake into the cell for cellular signaling processes to occur, and suggests the 
potential importance of an ABA transporter that could deliver ABA in a regulated 
fashion to initiate rapid and controlled responses to the various stress conditions that 
are perceived by ABA. We postulated that an ABA transporter would be particularly 
relevant during stress conditions because such conditions are known to elevate 
extracellular pH (8); this pH increase in turn causes ABAH to dissociate into its 
charged form which cannot passively diffuse across the lipid bilayer, in contradiction 
to the need to rapidly deliver the stress hormone into the cell to elicit a timely 
response.  
The ABC protein family is one of the largest, and members of this family are 
found in all phyla (14). Most ABC proteins are integral membrane protein and act as 
ATP-driven transporters for a very wide range of substrates, including lipids, drugs, 
heavy metals and auxin (15). In plants, several reports have shown that mutation of 
various ABC proteins results in impaired stomatal movement. Deletion of 
AtMRP5/ABCC5 results in impaired ABA and Ca2+ signaling and reduced anion 
channel activity (16). AtABCB14 is highly expressed in guard cells and functions as a 
malate importer that modulates the stomatal response to CO2 (17). Here we show 
that an ABC transporter AtPDR12/ABCG40 is a plasma membrane ABA uptake 
transporter in guard cells and other types of plant cells. AtPDR12/ABCG40 is 
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necessary for timely closure of stomata in response to drought stress as well as for 
normal seed germination and lateral root development. To the best of our knowledge, 
this is the first identification of a transporter that mediates the uptake of the 
phytohormone ABA into plant cells.   
 
 
Results and Discussion 
Screening of potential ABA transporters. ABA is a sesquiterpene derived from the 
tetraterpene neoxanthine. The PDR/ABCG subfamily of plant ABC transporters has 
been reported to transport terpenoids (15, 18). PDR type ABC transporters have also 
been reported to be involved in responses to pathogens (19) and a broad range of 
stresses, including salinity, cold and heavy metals (15, 20, 21). We therefore 
hypothesized that a member of the PDR family would function as an ABA transporter. 
In order to identify the most promising candidate, we tested seed germination and 
stomatal movements of 13 out of 15 Arabidopsis PDR homozygous knockout 
mutants (atabcg29–atabcg41). In our screen, atabcg40 exhibited the most 
pronounced differences from the wild type in germination and stomatal movement. 
We thus selected AtABCG40 as a candidate and examined whether it indeed 
transports ABA and whether its function as an ABA transporter is critical for plant 
stress responses.  
 
AtABCG40 transports ABA. To assess whether AtABCG40 is an ABA transporter, 
we expressed the AtABCG40 cDNA in a heterologous system, namely the YMM12 
yeast strain, which carries loss-of-function mutations in 8 ABC transporters. Yeast 
expressing AtABCG40 took up ABA consistently faster than controls containing the 
empty vector (Fig. 1A). Further evidence for AtABCG40 as an ABA transporter was 
obtained by expressing the AtABCG40 cDNA in cultured tobacco BY2 cells. ABA 
uptake was clearly more efficient in cells expressing AtABCG40 (G1, G2 and G4 in 
Fig. 1B) than in either control cells or in the G3 cell line which expresses AtABAG40 
at a very low level (Fig. 1B, C). AtABCG40 is a high affinity ABA transporter, 
displaying a KM of 1 µM (Fig. 1D). The transporter also exhibits a high substrate 
specificity, since uptake of 3H-ABA was inhibited only by the physiologically active 
(S)-ABA and not by (R)-ABA, ABA-glucose ester, indole-3-acetic acid or benzoic acid 
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at 3-fold excess (Fig. 1E). Inhibitors of ABC transporters, such as glibenclamide, 
verapamil, and vanadate, inhibited ABA transport (Fig. 1F). 
 
If AtABCG40 is an ABA transporter, then not only should cells transgenically 
expressing the transporter exhibit enhanced rates of ABA uptake, but cells in which 
the endogenous AtABCG40 gene is disrupted should show decreased rates of ABA 
uptake. Accordingly, we assessed ABA uptake in mesophyll protoplasts isolated from 
two independent T-DNA insertional mutants of AtABCG40, abcg40-1 and abcg40-2 
(21). Indeed, ABA was taken up more slowly into protoplasts isolated from atabcg40 
leaves compared to those from wild-type (Fig. 2A), and in the complemented mutant 
lines the uptake rate was restored to wild-type level (Fig. 2B, C). In both wild-type 
and atabcg40 plants, ABA uptake was higher at low pH and decreased with 
increasing pH (Fig. 2D), supporting a component of ABA uptake consisting of pH-
dependent diffusion of ABAH. However, the rate of ABA uptake was consistently 
lower in atabcg40 cells as compared to wild-type, and the proportion of total ABA 
taken up by the knockout mutants decreased, in relation to the corresponding 
amount taken up by wild-type, with increasing pH (Fig. 2D). This phenomenon 
suggests an increasing contribution of ABCG40 to total ABA uptake with increasing 
pH. It should furthermore be mentioned that, in planta, the ratio of uptake via the 
transporter versus uptake via diffusion would be higher than that in our experiments 
where the concentration of (S)-ABA available for transport by ABCG40 is only half of 
the total concentration indicated, due to the high stereospecificity of transport (Fig. 
1E) versus the lack of sterospecificity of diffusion. Interestingly, the differences in the 
absolute amounts of ABA taken up by wild-type and the atabcg40 mutant cells, 
respectively, were independent of pH (Fig. 2E). This pH-independent component of 
ABA uptake cannot be explained by diffusion, but is in agreement with the notion of 
an active transport of ABA by ABCG40. We propose that AtABCG40 is the major 
ABA transporter in the leaf cell protoplasts because, at pH 7, the residual ABA 
transport activity in atabcg40 mutants is only about 30% of that in the wild type (Fig. 
2D). However, it cannot be excluded that close homologues of AtABCG40 may also 
carry out ABA transport functions.  
 
AtABCG40 is broadly expressed and plasma-membrane localized. To address 
the question of whether AtABCG40 functions in a broad range of plant cell types, or 
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whether it is specifically associated with a particular cell type, we assessed 
AtABCG40 expression patterns both in planta and in silico. According to our 
promoter-GUS analysis, the AtABCG40 promoter is broadly active, including activity 
in the leaves of young plantlets and in primary and lateral roots (Fig. 3A, B), which is 
in line with published microarray data (www.genevestigator.ethz.ch). In leaves, the 
expression was by far the highest in guard cells (Fig. 3C), consistent with microarray 
data which reveal that AtABCG40 is expressed 8 fold more in guard cells than 
mesophyll cells (www.bar.utoronto.ca). 
If AtABCG40 functions as a carrier for the initial entry of ABA into plant cells, it 
would be expected to localize to the plasma membrane. AtABCG40 was previously 
shown to localize to the plasma membrane of mesophyll protoplasts when transiently 
expressed under control of the 35S promoter (21). As shown in Figure 3F, G, when 
AtABCG40-sGFP expression is driven by the AtABCG40 native promoter in stably 
transformed plants, GFP fluorescence is also seen at the cell membrane, indicating 
that AtABCG40 operates at that locale. 
 
atabcg40 plants are strongly delayed in expression of ABA responsive genes 
upon treatment with ABA. Given that there is a passive component of ABA uptake 
into cells, the question arises as to the importance of AtABCG40 in ABA-regulated 
cellular functions. Accordingly, we investigated the expression of ABA responsive 
genes in 4-week old whole rosette tissue of wild-type and atabcg40 plants. Up-
regulation of transcription factors AtABR1 and AtRD29B, and an ABA biosynthesis 
enzyme AtNCED3, in response to exogenous ABA application was considerably 
delayed and reduced in the mutant plants compared to wild-type (Fig. 4A, B, and C). 
Evidently, AtABCG40 is required for a fast response to ABA by allowing its efficient 
uptake into the ABA-responsive cell. In contrast to the altered kinetics of induction of 
ABA responsive genes, the kinetics of induction of auxin responsive genes of the 
SAUR family did not differ in the mutant from the wild-type plants (Fig. S1). Transcript 
levels of AtABCG40 itself increased in response to ABA treatment (Fig. 4D), 
indicating a positive feed-back loop. 
 
atabcg40 plants are impaired in stress tolerance. Drought-stress experiments 
provided further evidence that AtABCG40 is integral to stress tolerance. Plants were 
grown for two weeks under standard conditions and water subsequently withheld. 
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Leaves of the two mutant lines wilted faster than those of the wild-type plants (Fig. 
5A). This result suggests that effective guard cell response to ABA is impaired in 
plants lacking expression of the AtABCG40 ABA transporter, but could also be due in 
part to alterations in ABA responsiveness of other physiological aspects, given that 
AtABCG40 is widely expressed and is required for rapid transcriptional responses in 
whole leaves, and that atabcg40 mutants also show impairment in ABA-regulation of 
seed germination and root development (Fig. S2). Because of the high levels of 
AtABCG40 expression that we observed in guard cells, and because of the known 
importance of ABA in stomatal regulation, we particularly wanted to assess the 
impact of AtABCG40 knockout on guard cell function. We pursued two approaches to 
address this issue. Since transpiration lowers leaf temperature through evaporative 
cooling, we employed thermal imaging methods (22) to assess transpirational water 
loss, which correlates with stomatal apertures. When hydroponically grown plants 
were treated with 1 µM ABA or 0.5 M mannitol to induce stomatal closure and thus to 
reduce transpiration, leaf temperature increased more slowly in atabcg40 plants 
compared to wild-type plants (Fig. 5B, C and Fig. S3), indicating that stomatal 
apertures were not as efficiently reduced in response to ABA or to osmotic stress as 
in the wild type. 
To confirm the results from thermal imaging analysis implicating ABCG40 in guard 
cell function, we also directly examined the effect of ABA on stomatal movements in 
wild-type and atabcg40 mutant plants. Wild-type and atabcg40 plants indeed differed 
in their responses to ABA during light-induced stomatal opening. Stomata of the two 
mutant lines atabcg40-1 and atabcg40-2 plants opened faster, attaining apertures of 
2.64±0.07 µm and 2.57±0.05 µm, respectively, whilst wild-type plants attained 
2.25±0.06 µm under the same conditions (Fig. 5D). Furthermore, in comparison to 
the wild type, the two atabcg40 lines exhibited delayed and reduced stomatal closure 
in response to ABA (Fig. 5E). Complementation of the atabcg40-1 mutant line with 
the AtABCG40 cDNA driven by its own promoter confirmed that the observed mutant 
phenotype was due to AtABCG40 loss of function (Fig. 5F). In contrast to ABA, no 
difference was observed for stomatal closure in response to Ca2+ (Fig. S4), 
suggesting that the mutation affected the level of ABA or its perception, rather than 
downstream ABA signaling. The results obtained using epidermal strips and thermal 
imaging of intact plants collectively demonstrate that the guard cells of atabcg40 
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plants exhibit a strongly delayed response to ABA. We propose that AtABCG40 is an 
ABA importer required for efficient response to ABA.  
General Discussion 
Rapid adjustment to a stress, such as drought stress, is a prerequisite for plant 
survival. Despite the diffusion of ABAH through the lipid bilayer, our data indicate that 
a transporter is required for optimal ABA uptake during stress. Neither ABA uptake, 
nor the response to ABA is totally abolished when AtABCG40 is non-functional, 
indicating that a contribution of diffusion to ABA uptake at an apoplastic pH of 5.5 to 
6.0, typical of the non-stressed plant, does occur. However, for rapid and efficient 
signaling under stress conditions, AtABCG40 activity is required. As mentioned 
above, the pH of the xylem and apoplast increases during drought stress (8), with the 
advantage that uncontrolled diffusion of ABAH into non-target cells and hence loss of 
ABA on its way to its target cells, i.e. the guard cells, is avoided. Passive diffusion of 
ABA into the target cells would, however, be reduced as well, and hence a 
transporter-mediated uptake process is necessary to overcome this disadvantage 
(Fig. S5). Once inside the cell, ABA binds to ABA receptors localized in the cytosol 
(12, 13), or at the plasma membrane (23), thereby initiating ABA signal transduction. 
The very recent discovery of a class of soluble ABA receptors is in perfect agreement 
with our results (12, 13). However, ABA receptors localized at the plasma membrane 
(23) may also recognize ABA via domains exposed to the cytosol. An ABA 
transporter would allow fast and controlled delivery of ABA to the receptor and thus 
ensure a rapid response to the stress hormone, not achievable by diffusive influx of 
ABA alone. Previous observation that stomatal apertures and activity of inward K+ 
channels that mediate K+ uptake during stomatal opening are both responsive to 
intracellular application of ABA is also consistent with the importance of an ABA 
uptake carrier (24). The observation that ABA-responsive transcription factors, 
present not only in guard cells but in many other cell types, respond much faster in 
the presence of AtABCG40 (Fig. 4) indicates that transporter-catalyzed ABA 
transport is important for ABA signaling in many cell types. Supporting this, lateral 
root formation was delayed in atabcg40 as well (Fig. S2C). Decreased sensitivity of 
atabcg40 seeds to exogenously added ABA (Fig. S2B) suggests that this transporter 
is active in seeds as well, although it is expressed at a very low level in this organ 
(www.bar.utoronto.ca). An intriguing possibility is that the seeds may take up ABA via 
AtABCG40 during development and store the hormone to prevent precocious 
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germination. Supporting this possibility, atabcg40 seeds exhibited slightly accelerated 
germination on normal growth medium without added ABA (Fig. S2A).  
We previously reported that the abcg40 plants are compromised in lead 
resistance (21). Since ABC transporters are well known to transport structurally 
unrelated compounds (15), we tested whether ABCG40 transports both lead and 
ABA using a competition assay, but lead did not compete with ABA for uptake into 
plant cells (Fig. S6). Thus we suggest that the reduced lead tolerance of the mutant 
is likely due to compromised ABA transport, which indirectly affects heavy metal 
tolerance of the plant. Several reports postulate a role of ABA in heavy metal 
tolerance. For example, ABA content in leaves increases when plants are exposed to 
the heavy metals lead, cadmium or aluminum (25-27). ABA regulates the expression 
level of Type 4 metallothionein (28), a member of an important metal chelator family. 
Application of exogenous ABA reduced the root to shoot translocation of Cd (29) via 
inducing stomatal closure. In short, ABA, which is increased in heavy metal treated 
plants, plays an important role in plant tolerance to heavy metals via at least two 
different pathways. First, it promotes stomatal closure which reduces heavy metal 
translocation to the shoot via the transpirational stream. Second, it modifies 
expression of genes that can contribute to heavy metal tolerance (28-30). 
ABCG40 has been suggested to transport diterpenoids associated with plant 
defense based on three findings (18): 1) it is up-regulated by pathogen infection, 2) 
its amino acid sequence is similar to those of other diterpenoid transporters such as 
NpABC1 and SpTUR2, and 3) the atabcg40 mutant plant is altered in tolerance to the 
toxicity of diterpenoid sclareol. ABA is a sesquiterpenoid, and there is increasing 
evidence that ABA plays an important role in plant pathogen responses (31-33). 
Therefore, either ABCG40 transports various terpenoids, or many of the previous 
findings on pathogen-related phenomena are indirect effects of the ABA transport 
function of ABCG40. We favor the latter possibility, since ABCG40 showed a very 
narrow substrate specificity (Fig. 1E). In line with this possibility, we could not 
observe any difference in growth of the abcg40 mutants versus the wild type in 
medium containing sclareol (21). Moreover, although sclareol is structurally similar to 
ABA, it is not likely to be a physiological substrate of ABCG40, since this compound 
is not produced in Arabidopsis. Finally, low µM concentrations of sclareol did not 
inhibit (S)-ABA uptake into ABCG40-expressing BY2 cells, indicating that at least the 
uptake activity of AtABCG40 is specific for ABA (Fig. S6). In one publication the 
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authors suggested that AtABCG40 can export sclareol (18), however, they did not 
perform transport studies. Whether AtABCG40 can transport in two directions must 
be addressed in future work. 
In conclusion, we have presented evidence for ABC transporter-mediated ABA 
uptake and its importance for rapid responses to environmental stress. This work 
underlines the importance of transporters for hormones which also diffuse into the 
cell across the lipid bilayer. Our results may promote the production of plants with 
increased drought tolerance, e.g. via guard cell-specific expression of AtABCG40, 
leading to faster stomatal closure. Manipulation of a very specific pathway for uptake 
of ABA, a step localized at the apex of the ABA signaling pathway, may allow 
development of plants permanently primed to respond quickly to stress. Transporters 
related to AtABCG40 also may play an important role in other organisms, since ABA 
has recently been reported to induce Ca2+ release during Toxoplasma infection and 
in human granulocytes (34, 35).   
 
Materials and Methods 
Plant material and growth conditions. Wild-type (WT, Columbia-0 ecotype) and 
AtABCG40 transgenic plants (21) were grown on soil (22/18°C, 16/8 h, day/night, 40 
µmol m-2 s-1 light).   
DNA constructs. The AtABCG40 promoter::uidA reporter gene construct was made 
by PCR amplification of a 1.8 kb promoter region of AtABCG40 from genomic DNA 
using primers containing HindIII and BamHI restriction sites (5’-AAGCTTACGCCGG 
CCGCCGCCGCGGCAG-3’ and 5’-GGATCCTTTGTATCCAAGAAATCAAAGT-3’), 
and ligation of the PCR product into pBI101.2. The open reading frame of AtABCG40 
was amplified by PCR from cDNA generated from total RNA extracted from wild-type 
seedlings, using primers containing BamHI restriction sites (5'-CCCGGGGGGGATC 
CATGGAGGGAACTAGTTTTCACCAAGCGAGTA-3' and 5'-GGATCCGCGGCCGCC 
TATCGTTTTTGGAAATTGAAACTCTTGATTC-3'). To generate complemented and 
tagged lines of atabcg40-1 mutants, the AtABCG40 promoter was inserted into 
pBI101.2 at HindIII and BamHI restriction sites and sGFP, amplified from the 326-
sGFP vector, was fused to the 3’-end of the AtABCG40 promoter. Finally, the full 
length cDNA of AtABCG40 was ligated into the BamHI site of the construct. All 
constructs were verified by sequencing.  
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Verification of AtABCG40 complemented Arabidopsis plants. The abundance of 
AtABCG40 transcript in the homozygous complemented lines 40-1, 40-2, 40-3, 40-4, 
and wild-type plants was assayed by RT-PCR. Total RNA was extracted from whole 
seedlings and RT-PCR was performed after DNaseI (Roche) treatment using primers 
specific for AtABCG40 (5'-CTGCTTTTGGGTCCTCCAAGTTCT-3', and 5’-GAGATTG 
AATGTCTCTGGCGCAG-3’). As a loading control, the Tubulin8 transcript was 
amplified using the primers: (5'-CTCACAGTCCCGGAGCTGACAC-3' and 5'-GCTTC 
AGTGAACTCCATCTCGT-3').  
Assays of stomatal movements. Stomatal apertures were determined in 5-week-
old leaves. For assays of stomatal opening, detached whole leaves were floated on 
10 mM KCl buffer with or without 1 µM ABA, under 170 µmol m-2 sec-1 white light at 
23°C. For assays of stomatal closure, leaves were pre-incubated on 10 mM KCl 
buffer for 3 hours under 170 µmol m-2 sec-1 white light at 25°C to open stomata, and 
then transferred to 10 mM KCl buffer containing 1 µM ABA (time=0). Stomatal 
apertures were measured as described previously (36). 
Infrared Thermography. Arabidopsis plants were grown under hydroponic 
conditions (22°C, 8-h-light photoperiod, 40 µmol m-2 s-1 light) for 6 weeks (37). After 
adding ABA or mannitol to the hydroponic medium to a final concentration of 1 µM or 
0.5 M, respectively, the leaf temperature of intact Arabidopsis plants was measured 
as described previously (22, 36). 
3H-ABA uptake into Arabidopsis protoplasts. Transport activity was determined 
as described previously (38). Protoplasts were incubated in 1 mL of a bathing 
solution containing 4.5 nM (R, S)-3H-ABA (Amersham Biosciences, 7.4 kBq, 1.63 
TBq/mmol).  
Heterologous expression of AtABCG40 in yeast and transport assays. The 
yeast YMM12 strain was a kind gift from Dr. Karl Kuchler. AtABCG40 was cloned into 
the BamHI and NotI site of pYES2NT/C. 3H-ABA uptake was monitored as described 
previously with minor modifications (17). Cells were cultured in synthetic galactose 
and raffinose without uracil medium (SG-URA, at pH 7.0) and harvested by 
centrifugation at mid-log phase. They were washed twice using SG-URA medium, 
and resuspended in the same medium at an OD600=6. 3H-ABA (4.5 nM, 7.4 kBq, 1.63 
TBq/mmol) was then added to the cell suspension and gently mixed. At the times 
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indicated, the cell suspension was filtered through nitrocellulose membranes and the 
cells remaining on the filter were washed with 500 µl of ice-cold SG-URA medium. 
The radioactivity on the filter was determined by liquid scintillation counting. 
Transport assay using BY2 cells. For expression of AtABCG40 in tobacco BY2 
(bright yellow 2) cells, the AtABCG40 cDNA containing a stop codon was ligated into 
the BamHI site of the 3’-end of CaMV 35S promoter in pBI121 vector. BY2 cells were 
cultured in Linsmaier and Skoog liquid medium (LS, 3% (w/v) sucrose, 4.4 g/L 
Murashige and Skoog salts, 100 mg/L myo-inositol, 1 mg/L thiamin, 181 mg/L 2,4-D, 
and 0.37 mg/L KH2PO4, at pH 5.7), in the dark at 25°C, with gentle agitation (120 
rpm). The cell suspensions were sub-cultured weekly. Stock BY2 calli were 
maintained on solid medium with 0.3% (w/v) gelrite and sub-cultured monthly. 
Transgenic cells and calli were maintained on the same medium supplemented with 
100 µg/mL kanamycin. The abundance of the AtABCG40 transcript in transformed 
lines G1, G2, G3, G4 and pBI121 E.V. cells was assayed by RT-PCR. Total RNA 
was extracted from 4-day-old cultured cells and RT-PCR was performed using 
primers specific for AtABCG40: (5'-CTGCTTTTGGGTCCTCCAAGTTCT-3', and 5’-
GAGATTGAATGTCTCTGGCGCAG-3’). As a loading control, the actin transcript was 
amplified with the primers (5'-CCTTGTCTGTGATAACGGAACAGG-3' and 5'-TTA 
GAAGCATTTGCGGTGGACA-3').  
For transformation of BY-2 cells, 50 mL of a 2-day-old culture was co-cultivated, in 
the dark for 2 d at 25°C, in a conical tube with 10 mL of Agrobacterium tumefaciens 
harboring pBI121-AtABCG40. Inoculated cells were washed three times and 
transferred onto solid medium supplemented with 100 µg/mL kanamycin and 200 
µg/mL cefotaxime. After 3 weeks, growing calli were transferred onto new medium. 
Individual calli were maintained on solid medium or resuspended in the liquid 
medium to obtain cell suspensions. 
For ABA transport assays, cells were cultured in LS liquid medium and harvested 
after 4 days. Cells were washed twice using uptake buffer (20 mM MES, 40 mM 
sucrose, 0.5 mM CaCl2, at pH 5.7) and resuspended in the same buffer (pH 5.7) at 
an OD600=2. ABA uptake was initiated by adding 4.5 nM or 1 nM of 3H-ABA (1.63 
TBq/mmol) to the cell suspension. After the appropriate incubation period, the cell 
suspension was filtered through nitrocellulose membranes, the cells on the filter were 
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washed with 2 ml of uptake buffer and their radioactivity determined by liquid 
scintillation counting.  
For substrate competition assays, ABA uptake was determined at 1 µM (R, S)-ABA 
containing a trace amount (7.4 kBq) of 3H-ABA in the absence (control) or presence 
of additional 3-fold (3 µM) excess of the respective competing chemical; unlabelled 
(R, S)-ABA (Aldrich, 862169), (R)-ABA (Sigma, A8451), (R, S)-ABA-glucose ester 
(Olchemin, 0132783), indole-3-acetic acid (Fluka, 57310) or benzoic acid (Aldrich, 
242891) or 5-fold (5 µM) excess of the respective competing chemical; sclareol or 
lead.  
For assays of 3H-ABA uptake in the presence of ABC transporter inhibitors, cells 
were pre-incubated with the respective inhibitor for 30 min, and then incubated for 
another 30 min in same medium adding 1 µM ABA (pH 5.7) with trace amount (7.4 
kBq) of 3H-ABA and processed as above.  
Quantitative Real Time RT-PCR (Q-PCR). Total RNA was extracted from whole 
shoots (4 week old) sprayed with 1 µM ABA during 15 min to 60 min, using TRIzol 
reagent and then reversely transcribed into cDNA. Q-PCR was performed with the 
SYBR kit (TAKARA) to detect AtNCED3, AtABR1, AtRD29B, AtABCG40 and 
Tubulin8 transcript levels. Amplified samples were normalized against Tubulin8 
levels. Primer sequences were as follows: for NCED3 (At3g14440), forward (5'-
CGGTGGTTTACGACAAGAACAA-3') and reverse (5'-CTGCTTCGAGGTTGACTTGT 
TGAT-3'); for ABR1 (At5g64750), forward (5'-CGGTTAAGGCAGCTAATACTTTG-3') 
and reverse (5'-TCAGGAGGATGGACTATTATTGTA-3'); for RD29B (At5g52300), 
forward (5'-GTCTCTTGGTAGAATGAAAGTGAC-3') and reverse (5'-ATTCAAAAGCA 
AAACCCCAAAT-3'); for ABCG40, forward (5’-CGCTATGATAGGATTCGAGTGGA-
3’) and reverse (5’-GCGGCCGCTTTCGTTTTTGGAAATTGAAACTC-3’). 
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Fig. 1. AtABCG40 mediates specific uptake of ABA in a heterologous system. 
(A) Time dependent uptake of 3H-ABA by YMM12 yeast cells expressing AtABCG40 
(ABCG40), or transformed with the empty vector (E.V.). Yeast was incubated in SG-
URA medium containing 4.5 nM 3H-ABA (7.4 kBq, 1.63 Tba/mmol) at pH 7. 
Radioactivity taken up was normalized to cell number. Data are mean ± s.e.m. of 
n=12, from three independent experiments. (B) AtABCG40 transcripts in independent 
BY2 cell lines expressing AtABCG40 (G1-G4) or empty vector (E.V.). Actin was 
amplified as a loading control. (C) Time-dependent transport of 4.5 nM 3H-ABA (7.4 
kBq, 1.63 Tba/mmol) by BY2 cells expressing AtABCG40 (G1-G4) or empty vector 
(E.V.) at pH 5.7. (D) Concentration-dependent uptake of ABA containing 1 nM 3H-
ABA (from 1 nM to 5 µM ABA) or 2 nM 3H-ABA (from 10 to 15 µM ABA) in BY2 cells 
(line G2) for 18 minutes. Inset shows double reciprocal plot analysis of the data 
indicating a KM of 1 µM. Mean of three experiments. KMs calculated for the single 
experiments vary between 0.7 and 1.2 µM. Values were corrected for the effective 
(S)-ABA concentrations. (E) Uptake of 1 µM (R, S)-ABA containing a trace amount 
(7.4 kBq) of 3H-ABA in BY2 cells (line G2) in the absence (C;control) or presence of 
additional 3-fold (3 µM) unlabelled (R, S)-ABA (R, S), (R)-ABA (R), ABA-glucose 
ester (G), indole-3-acetic acid (I) or benzoic acid (B). (F) Inhibition of ABCG40-
mediated 4.5 nM 3H-ABA (7.4 kBq, 1.63 Tba/mmol) uptake in BY2 cells (line G2) by 
3 mM vanadate (VD), 10 µM verapamil (VP), 25 µM glibenclamide (GC). C: control 
without inhibitor pre-treatment. In D to F, ABA uptake mediated by ABCG40 was 
obtained by subtracting the activity of the empty vector control, incubated under the 
same conditions, from the total radioactivity, to exclude the portion of ABA 
transported by diffusion. 
 
Fig. 2. AtABCG40 mediates specific uptake of ABA in Arabidopsis. 
(A) The isolated mesophyll cells were incubated in a bathing solution containing 4.5 
nM 3H-ABA at pH 5.7. The chlorophyll content of the protoplasts was used to 
normalize 3H-ABA uptake. A representative of four independent experiments with 
similar results is shown (mean ± s.e.m. n=4). (B) Presence of the AtABCG40 
transcript in atabcg40-1 mutant plants complemented with 
ABCG40pro::ABCG40::sGFP. Ubiquitin was amplified as a loading control. Total 
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RNA was isolated from shoots of wild-type, atabcg40-1 mutant (g40-1) and 
AtABCG40 complemented atabcg40-1 mutant plants (40-1, 2, 3, and 4), respectively. 
(C) Uptake of 3H-ABA into mesophyll protoplasts of wild-type and AtABCG40-
complemented atabcg40-1 lines 40-1 and 40-3 as a function of time. The chlorophyll 
content of the protoplasts was used to normalize the 3H-ABA uptake. Data are mean 
± s.e.m. of n=12, from three independent experiments. (D) pH-dependent uptake of 
3H-ABA into mesophyll protoplasts from wild-type and atabcg40 lines. The 
chlorophyll content of the protoplasts was used to normalize 3H-ABA values. 
Radioactivity of samples incubated for 2 min was subtracted from that of samples 
incubated for 3 h. Data are mean ± s.e.m. of n=16, from four independent 
experiments. (E) To obtain ABCG40-mediated ABA transport, 3H-ABA taken up by 
abcg40-1 or abcg40-2 protoplasts was subtracted from that of wild-type protoplasts. 
The data are from the same experiments as shown in Figure 2D.  
 
Fig. 3. Tissue specific expression and sub-cellular localization of AtABCG40. 
(A-C) AtABCG40 promoter-GUS (AtABCG40pro::uidA) reporter gene expression in 2 
week-old plants (A), in primary and lateral roots (B), and close-up of a leaf showing 
expression in guard cells (C). (D-G) Plasma membrane localization of 
ABCG40::sGFP expression of which is driven by the native promoter in Arabidopsis 
guard cells (D, E). Wild-type cells are shown in (F, G). Images show the same two 
cells under bright field illumination (D, F) and with GFP fluorescence (E, G). 
 
Fig. 4. AtABCG40 modulates the expression of ABA-responsive genes. (A-D) 
Quantiative real-time RT-PCR (Q-PCR) analyses of transcripts of ABA responsive 
genes in total RNA isolated from shoots of wild-type and atabcg40-1 plants, 
respectively, treated with ABA. Data were normalized using Tubulin 8 and are 
presented as ‘fold induction’ relative to time=0. Data are mean ± s.e.m. from four 
independent experiments. For AtABR1 and AtRD29B, the initial values were similar 
in the wild type (WT) and atabcg40-1, while for AtNCED3 the initial value in 
atabcg40-1 was 2.4 fold higher than that of the WT. 
 
Fig. 5. Stomata of atabcg40 plants are less sensitive to ABA. (A) Two week-old 
soil-grown plants (24°C, 16 h light/ 8 h dark condition) were exposed to drought 
stress by withholding water for 8 d. (B) Delayed elevation of leaf temperature after 
20 
 
ABA treatment of atabcg40 plants compared to wild-type. Leaf temperature was 
monitored using an Infrared Thermal Imaging Camera (FLIR systems, P25) after 
addition of ABA into the hydroponic culture medium to a final concentration of 1 µM. 
Results representative of three experiments with similar results are shown. (C) 
Increase in leaf temperature (Δ Temperature) after ABA treatment of plants. The leaf 
temperature was quantified from three independent experiments including the one 
shown in (B). Data represent change in temperatures of the whole leaf area of the 
plants. ΔTemperature = (Temperature at indicated time point) - (Temperature at 4 
min). The initial temperatures were similar in WT and atabcg40-1. Data are mean ± 
s.e.m. (* p<0.05, ** p<0.01; compared with wild-type under the same treatment 
conditions, by Student’s t test). (D) Opening of stomata in the presence of 1 µM ABA. 
Epidermal strips were peeled from leaves, which had been floated on 10 mM KCl 
buffer in the presence of 1 µM ABA under 170 µmol m-2 sec-1 white light. (E-F) ABA-
induced stomatal closure in wild-type and atabcg40 plants (E), and in 4 independent 
lines complemented with AtABCG40 (F). Data are mean ± s.e.m. of n=83~108 (D), 




































































































































































KM = 1 μM








































































































































































































































































































































































































































WT WTabcg40-1 abcg40-2 WT abcg40-2WT abcg40-1A
Control Drought 
Fig. 5.
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Fig. S1. atabcg40 plants are normal in auxin responsive gene expression. (A-E) 
Quantitative real-time RT-PCR (Q-PCR) analyses of transcripts of auxin responsive genes in 
total RNA isolated from whole seedlings of wild-type and atabcg40-1 plants, respectively. 
Seven-day-old seedlings were transferred from 1/2 MS agar plates into 1/2 MS solution 
containing 1 μM α-NAA and incubated for the indicated times. Data were normalized using 
Tubulin 8 and are presented as ‘fold induction’ relative to time = 0 values which were set at 1.0. 


























































































































Fig. S2. atabcg40 plants are hyposensitive to ABA in seed germination and lateral root 
formation. (A) Germination of wild-type and atabcg40 knockout seeds in 1/2 MS agar medium 
without supplemental ABA. (B) Germination of wild-type and atabcg40 mutant seeds in media 
containing different concentrations of ABA. The seeds were placed in the dark at 4°C for 2 days, 
then sowed and incubated under light at 22°C. The % germination was determined every 6 h 
between 24 h to 54 h of incubation (A) or at 48 h of incubation (B). (C) Number of lateral roots in 
wild-type and atabcg40 transgenic seedlings exposed to ABA. Seedlings were grown on 1/2 
MS-agar medium for 5 days, and then transferred to the same medium supplemented with or 
without ABA. Lateral root numbers were counted 7 days after transfer of the plants. Data are 
mean ± s.e.m. from three different experiment (* p<0.05, ** p<0.01; compared with the wild type 
under the same treatment conditions, by Student’s t test). Control without ABA (C), 2 µM ABA 










Fig. S3. Response to osmotic stress is delayed in atabcg40 mutant plant. Plants were 
grown in hydroponic culture for 6 weeks under short day conditions. Leaf temperature was 
monitored using an Infrared Thermal Imaging Camera. Numbers at bottom indicate time (min) 
elapsed after 0.5 M mannitol treatment. In atabcg40 plants, leaf temperature increased more 














































Fig. S4. The Ca2+-induced stomatal closing movement is normal in atabcg40. Leaves were 
pre-incubated for 3 hours on 30 mM KCl buffer under 170 µmol m-2 sec-1 white light, and then 
epidermal strips were peeled and incubated on 10 mM KCl buffer with 1 mM CaCl2. Data are 























Fig. S5. AtABCG40 is required for the rapid and efficient stomatal response to ABA. 
AtABCG40 is an ABA uptake transporter. In the absence of this transporter, ABA-induced 
stomatal closing is delayed. Broken arrows indicate the diffusible component of ABA uptake. 











































Fig. S6. ABCG40 mediates specific uptake of ABA in BY2 cells. Uptake of 1 μM (R, S)-ABA 
containing 1 nM 3H-ABA in BY2 cells (line G2) in the absence (control; C) or presence of 
additional 5-fold (5 μM) unlabelled (R, S)-ABA, Sclareol (Sc) or Pb(II). Data are mean ± s.e.m. 
of n=12, from three independent experiments. 
 
 
